This study was conducted to determine the effect of Cu deficiency on acute-phase protein concentrations, superoxide dismutase activity, leukocyte numbers, and lymphocyte proliferation in heifers inoculated with live bovine herpesvirus-1 (BHV-1). Hereford × Angus heifers were allotted by weight and initial liver Cu concentrations into molybdenum (Mo)-supplemented ( n = 6 ) or control ( n = 6 ) groups. Control heifers were fed a basal diet supplemented with Cu-sulfate to achieve a dietary concentration of 8 ppm of Cu. The Mo-supplemented heifers received the basal diet supplemented with Mo to achieve a dietary Mo:Cu ratio of 2.5:1 and with sulfur at .3% of the diet. All treatments were delivered for 129 d, when heifers were inoculated intranasally with BHV-1. To ensure adequate Cu stores before viral challenge, control heifers were given a cupric glycinate injection on d 100 of treatment. On d 129, Mo-supplemented heifers were considered Cu-deficient (liver Cu = 23.2 and 90.1 ppm for Mo-supplemented and control, respectively). Neutrophils were increased ( P < .01) on d 129 in Mosupplemented heifers. Ceruloplasmin, a copper-dependent acute-phase protein, increased ( P < .01) by 48 h after challenge in control but not in Mo-supplemented heifers. Fibrinogen, an acute-phase protein not containing copper, increased by 48 h after challenge in Mo-supplemented but not in control heifers. Erythrocyte superoxide dismutase (SOD) activity was less ( P < .05) in Mo-supplemented heifers on d 129. Viral challenge had no effect on SOD activity. Lymphocyte proliferative response to phytohemagglutinin stimulation was greater ( P < .01) for Mo-supplemented heifers following BHV-1 challenge. No differences were detected when lymphocytes were stimulated with concanavalin-A or pokeweed mitogens. These data indicate that Cu deficiency alters the acute-phase protein response to viral infection and may affect lymphocyte responsiveness to mitogen stimulation.
Introduction
Reduced lymphocyte responsiveness to T-cell mitogens has been reported for copper (Cu)-deficient rats (Bala et al., 1991; Windhauser et al., 1991) , pigs (Bala et al., 1992) , and sheep (Suttle and Jones, 1989) . Reductions in lymphocyte responsiveness in Cu-deficient cattle are less clear. We reported (Arthington et al., 1993) no effects of Cu status on lymphocyte proliferative responses to T-and B-cell mitogens. In that study, calves were considered marginally deficient (liver Cu = 38.9 ppm).
Copper is an integral component of the acute-phase protein ceruloplasmin ( Cp) , which is highly responsive to signals produced during the inflammatory response (Cousins, 1985) . During instances of Cu deficiency, circulating Cp concentrations are reduced (Mulhern and Koller, 1988) .
Another Cu-dependent enzyme, Cu,Zn-superoxide dismutase ( SOD) , catalyzes the dismutation of toxic superoxide radicals to the lesser reactive compound hydrogen peroxide (Fridovich, 1975) . When SOD activity is reduced, an accumulation of superoxide radicals can result. This can occur during normal cellular respiration and, to a greater degree, from phagocytic leukocytes in response to various stimuli. Table 1 . Nutrient content of total mixed diet a a All diets were fed at 2.5% of heifer body weight. Results are expressed on a DM basis.
b Diet was fortified with the oxide forms of mineral to achieve suggested NRC (1984) In these environments, increased concentrations of superoxide radicals can result in local tissue damage (Halliwell, 1984) . We have postulated that the observed variations in immune responses of Cu-deficient cattle may be related to the degree of immune stimulation along with the magnitude of deficiency. Therefore, immune responses, including lymphocyte blastogenesis, erythrocyte SOD activity, and the acute-phase reaction were evaluated in Cu-deficient heifers inoculated with live bovine herpesvirus-1 ( BHV-1) .
Materials and Methods
Animal Care and Use. The experimental protocols used in these experiments were approved by the Kansas State University Institutional Animal Care and Use Committee.
Animals, Diets, and Management. Hereford × Angus heifers were allotted by weight and initial liver Cu concentration into control ( n = 6 ) or molybdenum (Mo)-supplemented ( n = 6 ) groups. All heifers were fed individually a complete diet consisting of ground prairie hay, corn, and protein/mineral supplement (68, 20, and 12% of diet, respectively). The protein and trace mineral composition of the complete diet are shown in Table 1 . To induce a Cu deficiency, heifers assigned to the Mo-supplemented treatment received the basal diet supplemented with a topdressing (.35 kg) consisting of finely ground corn, Mo as sodium molybdate (Sigma Chemical, St. Louis, MO) to achieve a dietary Mo:Cu ratio of 2.5:1, and sulfur at .3% of the total diet. Heifers assigned to the control treatment received the basal diet supplemented with a topdressing (.35 kg) consisting of finely ground corn and Cu sulfate to achieve a dietary concentration of 8 ppm of Cu. To ensure adequate Cu stores before viral inoculation, control heifers were given a s.c. injection of cupric glycinate (120 mg of Cu) on d 100. Each heifer was weighed periodically after 18 to 24 h without feed. Water was not restricted during this time.
On d 129, all heifers were inoculated intranasally with BHV-1 ( 1 × 10 7 plaque forming units in each naris). The rectal temperature of each heifer was measured between 1100 and 1200 on d 129 to 135 after BHV-1 challenge.
Liver Biopsy and Plasma Collection and Analysis. Livers were biopsied on d 0, 50, 98, and 129 using a standard procedure (Corah and Arthington, 1994) . Jugular blood for plasma Cu analysis was collected on d 0, 26, 52, 75, 107, and 129 of the Cu-depleting period with evacuated tubes containing heparin. After viral inoculation ( d 129), blood samples were collected daily on d 130 to 135 and again on d 138. Blood was refrigerated for 16 to 24 h before centrifugation for 20 min at 5°C and 2,400 × g for plasma collection. Plasma samples were stored at −20°C until they were analyzed. Minerals were analyzed in duplicate with an inductively coupled plasma analyzer (Jobin Yvon 24 Senquential Computer; Peterson Laboratories, Hutchinson, KS). Assay variation was controlled using bovine liver standards (National Institute of Standards and Technology, Gaithersburg, MD). Briefly, liver samples were dried at 100°C for 30 min. Samples then were digested in 1 mL of 70% (vol/vol) nitric acid for 5 min at 100°C. Cooled samples were then diluted with 7 mL of deionized water and analyzed for mineral concentration. Plasma samples were diluted in water (1:19) and analyzed directly for mineral concentration.
Ceruloplasmin, Cu,Zn-Superoxide Dismutase, and Fibrinogen Assays. Jugular blood was collected on d 0, 26, 52, 75, 107, and 129 with evacuated tubes containing heparin. Plasma for ceruloplasmin and fibrinogen analyses was harvested following centrifugation at 5°C and 2,400 × g for 20 min. Following plasma removal, red blood cell lysate was harvested as described by Disilvestro and Marten (1990) . Plasma and lysate samples were frozen at −20°C until they were analyzed. Plasma ceruloplasmin oxidase activity was measured with calorimetric procedures described by Demetriou et al. (1974) . Assay variation was controlled by high and low standard pools established in our laboratory. All results are expressed as milligrams per deciliter as described by King et al. (1965) . Plasma fibrinogen concentration was determined using a fibrinogen determination kit (Sigma procedure No. 880; Sigma Diagnostics, St. Louis, MO). Results are expressed as milligrams per deciliter determined from a standard curve generated from a human fibrinogen reference (Sigma Diagnostics). The Cu,Zn-superoxide dismutase activity was measured with the pyrogallol autoxidation inhibition assay described by Prohaska (1983) . Results are expressed as units of inhibition of the initial rate without SOD. A unit of inhibition is defined as the amount of sample required to inhibit the initial reaction rate by 50%.
Lymphocyte Blastogenic Response. On d 129 ( d 0; viral inoculation) and 135 ( d 6; after viral inoculation), lymphocyte blastogenic responses to mitogens Mo-supplemented, ---⁄ ---; pooled SEM = .18). Control heifers were fed basal diet supplemented with Cusulfate (dietary Cu = 8 ppm). The Mo-supplemented heifers were fed basal diet supplemented with Mo to achieve a Mo:Cu ratio of 2.5:1 and with sulfur at .3% of total diet. Copper glycinate injection (120 mg of Cu) was administered to control heifers only on d 100. Rectal temperatures increased (P < .001) by 3 d after BHV-1 inoculation.
were evaluated with procedures described previously by Blecha et al. (1984) . Briefly, lymphocytes ( 5 × 10 6 cells/mL) were added in triplicate to wells of a 96-well, round-bottom microtiter plate. Each mitogen (100 mL/well) was added to lymphocyte cultures. Cultures were incubated at 37°C in a humidified 95% air, 5% CO 2 atmosphere for 66 h. [ 3 H]Thymidine (20 mL; .05 mCi/mL; Amersham Life Science, Arlington Heights, IL) was added to all culture wells for the last 18 h of culture. The same lots of fetal bovine serum, RPMI 1640 culture medium, phytohemagglutinin ( PHA; 10 mg/mL; Wellcome Diagnostics, Dartford, U.K.), pokeweed mitogen ( PWM; 1:10 ratio [PWM: culture medium]; Gibco Laboratories, Grand Island, NY), and concanavalin A ( ConA; 20 mg/mL; Pharmacia Laboratories, Piscataway, NJ) were used throughout the experiment to decrease assay variability.
Whole Blood Constituents. Jugular blood ( 5 mL) was collected into tubes containing EDTA on d 0, 26, 52, 75, 100, and 129 of the Cu-depleting period. After BHV-1 challenge, blood samples were collected daily on d 130 to 135 and again on d 138. Analyses of whole blood, including total leukocytes and erythrocytes, hemoglobin, and hematocrit were made with an electronic cell counter (Danam Particle Cell Counter, Dallas, TX). Differential leukocyte counts were determined by counting 100 cells from Wright's-stained (Camco Quick Stain, American Scientific Products, McGaw Park, IL) blood films. Monocytes were not differentiated from lymphocytes. Cell numbers were calculated by multiplying the percentage of cell type by total leukocyte counts.
Statistical Analyses. Analysis of variance was performed with the GLM procedure of SAS (1985) . For analyses involving multiple measurements over time, a split-plot design was used with pen serving as the whole plot and time as the subplot. When time × treatment interactions were significant, treatment means within times were compared by least significant differences, using appropriate computed error term.
Results and Discussion
Heifer Weight Change and Rectal Temperature. Over the 129-d Cu-depletion period, Mo-supplemented heifers tended ( P = .06) to gain less than control heifers (.55 vs .66 kg/d, respectively). In a previous Cu-depletion study, no differences in heifer weight gain were noted (Arthington et al., 1993) . However, in that study, a lower ratio of Mo:Cu was used (1.5:1) than in the present study (2.5:1). Other investigators also have reported decreases in weight gain of cattle consuming a diet high in Mo (Boyne and Arthur, 1986; Phillippo et al., 1987) . Despite the small decrease in ADG, all heifers were in similar body condition before BHV-1 challenge.
No differences in peak rectal temperature or time of recovery were detected for Mo-supplemented and control heifers after BHV-1 inoculation (Figure 1 ). Peak rectal temperatures were 41.0 and 40.8°C for control and Mo-supplemented heifers on d 3 and 4 after BHV-1 challenge, respectively. These data are in agreement with other reports of marked increases in rectal temperature when similar respiratory viral challenges were used (Chirase et al., 1991 (Chirase et al., , 1994 .
Liver and Plasma Copper Concentrations. The Mosupplemented and control heifers experienced decreases in liver Cu stores over the first 98 d of the experiment. However, the rate of depletion experienced by Mo-supplemented heifers was more rapid and the extent greater than that experienced by control heifers (Figure 2 ). Although control heifers received no supplemental sulfur and Mo, 8 ppm of Cu was not sufficient to maintain liver Cu stores.
After the Cu glycinate injection given to control heifers on d 100, the difference in liver Cu concentration between Mo-supplemented and control heifers increased substantially (Figure 2 ). During the Cudepleting phase, plasma Cu concentration decreased in Mo-supplemented heifers only (Table 2) . Plasma Cu concentration was less ( P < .01) in Mo-supplemented than in control heifers by d 52 and remained so throughout the trial (Table 2 ). In cases of marginal Cu deficiency, plasma Cu values often do not reflect the concentration of Cu stored in the liver (Xin et al., 1991) . Similar to the current study, Control heifers were fed basal diet supplemented with Cu-sulfate (dietary Cu = 8 ppm). The Mo-supplemented heifers were fed basal diet supplemented with Mo to achieve a Mo:Cu ratio of 2.5:1 and with sulfur at .3% of total diet. ***Treatment means differ (P < .001). The pooled SEM = 6.2 and 3.6 ppm for control and Mosupplemented heifers, respectively.
Claypool et al. (1975) reported a consistency for
serum Cu values of < .5 ppm to be coupled with corresponding liver Cu concentrations of < 40 ppm. When liver Cu concentrations were greater than this threshold, serum Cu concentrations became highly variable and showed little correlation to liver Cu stores.
By 24 h after BHV-1 challenge, control, but not Mosupplemented, heifers experienced increases ( P < .01) in plasma Cu. These data are in agreement with those from other studies in which calves were challenged with BHV-1 (Chirase et al., 1994) , administered ACTH (Nockels et al., 1993) , or underwent respiratory distress due to transportation and normal processing (Orr et al., 1990) . This increase in plasma Cu is most likely a function of the Cu-containing acute-phase protein ceruloplasmin.
Ceruloplasmin, Fibrinogen, and Cu,Zn-Superoxide Dismutase. Plasma Cp concentration was less ( P = .02) in Mo-supplemented than in control heifers by d 52 (Table 2 ). This correlated closely with the decrease in plasma Cu. These data support previous reports indicating that 90 to 95% of serum Cu is incorporated within Cp (Cousins, 1985) . Similar decreases in plasma Cu and Cp have been reported for rats fed Cudeficient diets (Windhauser et al., 1991) . Duodenal infusion of Mo, in the form of thiomolybdates, inhibited Cp activity in sheep (Mason et al., 1982) . Lannon and Mason (1986) also reported decreases in Cp activity following i.v. thiomolybdate infusion. By 48 h after BHV-1 inoculation, control, but not Mosupplemented, heifers experienced an increase in plasma Cp concentration ( Table 2) . As an acute-phase protein, Cp functions as an endogenous modulator of the inflammatory response (Cousins, 1985) and can be used as an indicator of inflammation in mice (Disilvestro and Marten, 1990) , dogs (Solter et al., 1991) , and cattle (Conner et al., 1988) .
Fibrinogen, an acute-phase protein not containing Cu, increased in Mo-supplemented but not in control heifers by 48 h after BHV-1 inoculation (Figure 3) . Fibrinogen concentration was increased initially on d 129 in control and Mo-supplemented heifers. This was Table 3 . Effect of copper deficiency and BHV-1 challenge on whole blood hematocrit, hemoglobin, total leukocytes, and erythrocytes a a Control heifers were fed basal diet supplemented with Cu-sulfate (dietary Cu = 8 ppm) and injected with Cu-glycinate (120 mg of Cu) on d 100. The Mo-supplemented heifers were fed basal diet supplemented with Mo to achieve a Mo:Cu ratio of 2.5:1 and with sulfur at .3% of total diet. b RBC = red blood cell count ( × 10 −6 /mL); WBC = white blood cell count ( × 10 −3 /mL); HCT = hematocrit (%); HMG = hemoglobin (g/dL). Figure 3. Mean plasma fibrinogen concentration (Control, -ÿ -; Mo-supplemented, ---⁄ ---; pooled SEM = 17.2 mg/dL). Control heifers were fed basal diet supplemented with Cu-sulfate (dietary Cu = 8 ppm). The Mo-supplemented heifers were fed basal diet supplemented with Mo to achieve a Mo:Cu ratio of 2.5:1 and with sulfur at .3% of total diet. Treatment means were increased initially (P < .05) on d 129 for control and Mo-supplemented heifers. This response was most likely a result of the liver biopsy performed on each heifer earlier that day. Fibrinogen concentrations increased (P < .01) in Mo-supplemented, but not in control, heifers 2 d after BHV-1 challenge. Fibrinogen concentration was greater (P < .01) for Mo-supplemented than for control heifers on d 0, 1, 2, 3, 4, 5, and 6 after challenge. most likely caused by a low-level inflammatory response to the liver biopsy performed earlier that day. Maximum fibrinogen concentration was detected at 48 h after BHV-1 inoculation and was 66% greater ( P < .001) in Mo-supplemented than in control heifers (Figure 3) . In response to interleukin-1, mononuclear phagocytes, fibroblasts, endothelial cells, and some activated T-cells synthesize and secrete interleukin-6, which, in turn, stimulates hepatic cells to secrete several acute-phase proteins, including ceruloplasmin and fibrinogen (Baumann and Gauldie, 1994) . Analysis of these interleukins may provide additional information about the effect of Cu deficiency on the response of acute-phase proteins to inflammatory stimuli.
Activity of SOD was decreased ( P < .05) in Mosupplemented heifers by d 129 of the Cu-depleting period (Figure 4) . Inoculation of BHV-1 did not affect SOD activity in either treatment. Disilvestro and Marten (1990) reported similar results in mice and suggested that erythrocyte SOD is a better indicator of Cu status than Cp because of the sensitivity of Cp to inflammatory signals. The data from the current study support their suggestion.
Whole Blood Constituents and Leukocyte Differentials. Hemoglobin concentrations decreased to a greater degree ( P < .05) in Mo-supplemented than in control heifers (Table 3) . However, by the end of the Cu-depleting phase neither control nor Mo-supplemented heifers had hemoglobin concentrations defined as deficient (13.9 and 13.2 g/dL, respectively; Schalm, 1986) . Decreases in hemoglobin and hematocrit have been reported in Cu-deficient mice (Mulhern and Koller, 1988) . No differences in hematocrit, leukocyte count, or erythrocyte count were detected in control and Mo-supplemented heifers during either the Cu-depleting or BHV-1 challenge periods (Table 3) . Even though control and Mosupplemented heifers had increased rectal temperatures, neither group experienced dehydration as measured by change in hematocrit during the BHV-1 challenge period. Dehydration in cattle suffering from respiratory disease is a major contributor to prolonged morbidity and subsequent mortality. The data from the current study (i.e., no weight loss or dehydration during the BHV-1 challenge period) contradict the management procedure of medicating incoming calves based on rectal temperature only. The shortcomings of this management approach have been described previously (Lofgreen, 1983) . Neutrophil number tended to be greater ( P = .06) in Mo-supplemented than in control heifers on d 129 (before BHV-1 challenge; 2.35 × 10 6 and 1.66 × 10 6 cells/mL, respectively). This increased number of neutrophils was greater than that which is considered normal (Schlam, 1986) .
No differences in mononuclear cell number were detected (8.99 × 10 6 vs 8.19 × 10 6 cells/mL for control and Mo-supplemented heifers, respectively). Because neutrophil numbers and maturation are increased in response to bacterial infections (Breazile, 1988) , one explanation for the neutrophilia in Mo-supplemented heifers could be a systemic reaction to a pathogenic challenge. Although all heifers were housed similarly and, thus, had similar exposure to all pathogens, control heifers might have been protected by a more competent immune system. Another possibility could be an increased response of alveolar macrophages to pathogenic stimulation in Mo-supplemented compared with control heifers. Interleukin-1, a cytokine secreted in appreciable amounts by stimulated macrophages, can increase neutrophil accumulation (Breazile, 1988) .
Lymphocyte Blastogenic Response. No treatment differences in mitogen-induced lymphocyte proliferation were detected before BHV-1 challenge (Table 4) . These data are similar to the results of a study conducted earlier in our laboratory (Arthington et al., 1993) . Other investigators also have reported no effect of Cu deficiency on lymphocyte responsiveness to mitogen stimulation in Mo-and sulfur-supplemented cattle (Ward et al., 1992) . In contrast, however, Bala et al. (1991) and Windehauser et al. (1991) reported decreases in the ability of lymphocytes from Mosupplemented rats to respond to mitogen stimulation. However, Cu deficiency probably affects lymphocyte responsiveness quite differently in rodents and unstressed cattle. On d 134 ( 5 d after BHV-1 challenge), PHA-stimulated lymphocytes from Mo-supplemented heifers proliferated to a greater degree ( P < .001) than those from control heifers. Similar to the prechallenge results, no differences were detected in ConA-and PWM-stimulated lymphocytes. Torre et al. (1994) also reported a greater ( P < .05) degree of mitogen-induced mononuclear cell proliferation in subclinically Cu-deficient Holstein cattle than in Cusufficient controls. Currently, these results are difficult to explain. Interleukin-1 and other inflammatory cytokines may play a role in this varied lymphocyte proliferative response as well as the increase in blood neutrophil number detected in the current trial.
Implications
Copper deficiency seems to alter the acute-phase protein response in cattle. Copper-deficient heifers exhibit decreased plasma ceruloplasmin, increased plasma fibrinogen, and increased blood neutrophil number. Previous studies are conflicting as to the role(s) of copper on lymphocyte and neutrophil function in cattle. Nevertheless, copper deficiency is often correlated with immune suppression in the cattle industry. These data indicate that immune function may be affected by the altered acute-phase response in stressed copper-deficient cattle.
